INTRODUCTION
Water accounts for more than 90% of the total weight of ripe Satsuma mandarin fruit grown in a plastic house with heating; only 4 7% of the fruit weight is due to dry matter (not published). Therefore, factors affecting water accumulation may determine the fruit size, quality, and yield, and many reports have shown the importance of water management and fruit water balance in the Satsuma mandarin (Maotani and Machida, 1980; Kawano, 1984; Yakushiji et al., 1998; Yano et al., 2012) . In order to produce commercially attractive fruits with a 12% soluble sugar concentration and 1.0% acidity in fruit juice, there must be a focus not only on water balance but also on carbon balance. In tomatoes, detailed analyses focused on fruit water balance have been reported (Araki et al., 1997 (Araki et al., , 2004 Kitano and Araki, 2001) , however, few researchers have reported on fruit carbon balance, because of the difficulty of measuring carbon translocation in fruit. Shishido et al. calculated the carbon balance using the 14 C tracer method in young cucumber (1987) and tomato (1989) ; this method is limited to a small plant. For example, Kubota and Motoyama (1972) used potted Satsuma mandarin trees with 14 C tracer method and clarified that fruit growth in the fruit-bearing shoot may strongly influenced by the leaves attached to the shoot itself. In addition, many reports by using isotope labelling such as 14 C or 13 C method were not the quantitative analysis (Shishido et al., 1987; Yano et al., 2012) , but the qualitative analysis (Kadoya and Tanaka, 1972; Kubota and Motoyama, 1972; Yakushiji et al., 1998) , because of the difficulty to prepare for many plant samples.
The aim of our study was to clarify the effect of nighttime temperatures on fruit development during 50 120 days after full bloom (DAFB), and the optimum management for high-quality fruit production under conditions of low night temperatures with moderate water stress during 50 120 DAFB by using quantitative analysis of fruit water and carbon balances in Satsuma mandarins grown in a plastic house with heating. In this report, we clarified the daytime and nighttime fruit water and carbon balances with the quantitative 13 C tracer method and discussed the roles of phloem and xylem transport for fruit growth under nighttime temperature-controlled conditions. In order to clarify the effect of nighttime temperatures on fruit development of Satsuma mandarin, we examined the fruit water and carbon balances using the 13 C tracer method and the roles of phloem and xylem transports for fruit growth under moderate night temperatures (MN, set at 23°C) and low night temperatures (LN, set at 13°C). The average predawn xylem water potentials were 0.79 0.04 MPa under MN and 0.77 0.03 MPa under LN. Fruit growth used 86% of pedicel sap flux toward the fruit, while transpiratory water losses from the fruit surface were 14% of pedicel sap flux under both MN and LN. The daytime integrated xylem sap flux was negative, but it was positive in the nighttime. The integrated phloem sap flux ( JPhlo) and the difference in JPhlo between MN and LN were only 6 10% and 4% of the total sap accumulated in the fruit, respectively. Integrated fruit photosynthesis and integrated CO2 efflux from the fruit surface were 7 8% and 22 23% of the total carbon supply toward the fruit, respectively. This indicates that carbon translocation from leaves to fruit via the phloem of the stem is the main source of carbon for the fruit.
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13 C partitioning, fruit growth, gas exchange, temperature regime, translocation (MN) , and at 28°C/13°C for the low night temperature regime (LN), with ventilation and heating. The replication was 3 trees in each treatment. During April and May, night temperature was controlled with cooling in the LN. The control of air temperature was stopped at 121 DAFB, and a side of the greenhouse was opened. Irrigation followed conventional practice.
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Measurement of xylem water potential
The xylem water potential at predawn was measured using a pressure chamber (DKT-7000, Daiki Rika Kogyo Co., LTD., Japan) at 10-day intervals.
Source-sink unit and 13 C partitioning in the unit To quantify translocation from the source organs, the leaf and stem, to the sink organ, the fruit, a source-sink unit was defined, and 13 C partitioning in the unit was analyzed by a pulse-chase experiment according to the previous report (Yano et al., 2012) . The unit defined in this study was the shoot generated in August 2009 that consisted of 2 fruits and the 7 leaves nearest to the fruits.
Measurement of water and carbon dynamics Measurements of gas exchange in fruits, fruit growth rate, and pedicel sap flux were conducted during short-term research as described in the previous report (Yano et al., 2012) . The fruit transpiration (JWF) and fruit respiratory CO2 efflux under dark conditions (J CO2 ) were estimated by air temperatures with the relationships in Table 1 , respectively, which according to the previous report (Yano et al., 2013) .
Estimation of daytime and nighttime fruit carbon translocation Daytime carbon translocation was estimated with the following equation.
Where TLDay, TLDaily, 13 CF·Day, 13 CF·Night are the integrated daytime carbon translocation from leaf to a fruit, integrated daily carbon translocation from leaf to a fruit, daytime increment of 13 C allocation to a fruit, and nighttime increment of 13 C allocation to a fruit, respectively. Nighttime carbon translocation ( TLNight) was also estimated in the same way as TLDay. The day and night were defined as 0700 1900 and 1900 0700, respectively.
Estimation of the daytime and nighttime increment of fruit dry matter
The increments of dry matter in a fruit in the daytime and nighttime were estimated with the following equations.
Where, DMF·Day, J CO2 · Day , AF, DMF·Night and J CO2 · Night are the daytime increment of fruit dry matter, integrated daytime fruit respiratory CO2 efflux under dark conditions, integrated daytime fruit photosynthesis, nighttime increment of fruit dry weight, and integrated nighttime fruit respiratory CO2 efflux, respectively.
Measurement of fruit quality and rind color Soluble sugar and acid contents of fruit juice were measured with a digital refractometer (PR-101, ATAGO Co., Ltd.) and by titration method, respectively. Rind color was measured with a color meter (ZE2000, NIPPON DENSHOKU Co., Ltd.).
RESULTS
Environmental conditions for calculating fruit water and carbon balance
To clarify the water and carbon balances of each fruit during active fruit growth, four repeated short-term studies were conducted at 60, 71, 100, and 120 DAFB. The days were at the cell enlargement period as stage II (Kikuchi et al., 1964) , and at young and middle stages (Yano et al, 2014) . Figure 1 shows the average air temperature (Ta) and Environ. Control Biol.
TLDay
TLDaily 13 CF·Day/( 13 CF·Day 13 CF·Night) (1) solar radiation in the greenhouse (Rs) among those four research days.
Relationship between xylem sap flux and environment
Unfortunately, we missed the data of both the integrated phloem sap flux ( JPhlo) and integrated xylem sap flux ( JXy) at 60 DAFB, and the light condition at 60 DAFB was less than 1/4 of other measurement days as 71, 100, and 120 DAFB (Table 2) . Because the average value of cumulative diurnal Rs ( Rs) in the greenhouse at 60, 71, 100, 120 DAFB (8.7 MJ · m 2 · d 1 ) showed the more near value of Rs (8.4 MJ · m 2 · d 1 ) that measured in the greenhouse and averaged from 2011 to 2013 during February and March which assume 60 120 DAFB in the major cropping type of Satsuma mandarin with heating, than the average except for the 60 DAFB (10.9 MJ · m 2 · d 1 ), thus, it was suggested that the data supplement was effective for estimating an accurate fruit water balance, in this study.
A significant negative correlation was observed between the Rs and the JXy during the daytime and nighttime at 71, 100, and 120 DAFB (Fig. 2) , so we estimate the JXy at the day by the equation shown as Fig.  2 , and the JPhlo was calculated using the integrated sap flux ( JSap GRF JWF) and the estimated JXy (Yano et al., 2012) .
Long-term environmental effects Figure 3 shows the long-term changes in fruit growth. The increments of fruit volume (VF) and dry weight (DWF) were restrained by LN treatment. Figure 4 indicates the xylem water potential at predawn. During the whole experimental term, the water potential patterns of MN and LN showed similar tendencies. Figure 5 shows the diurnal changes in 13 C partitioning in the unit under MN and LN. The changes in the rate of 13 C allocation to fruits in a source-sink unit were, in the daytime (1100 1900), MN: 3.9% · h 1 ; LN: 3.8% · h 1 and, in the nighttime (1900 0700), MN: 1.9% · h 1 ; LN: 1.1% · h 1 (Fig. 5) . Thus, the day/night ratio of 13 CF was 2.0 under MN and 3.3 under LN. The mean air temperatures were, in the daytime (1100 1900), MN: 25.3°C; LN: 24.6°C and, in the nighttime (1900 0700), MN: 23.2°C; LN: 13.1°C (Fig. 2) . From these data, at the range of 23 25°C, the daytime rates of 13 C allocation to fruits in a source-sink
C partitioning in the source-sink unit
Vol. 52, No. 3 (2014) Fig. 2 The relationship between cumulative solar radiation ( Rs) and integrated xylem sap flux ( JXy) during the daytime and nighttime at 71, 100, and 120 days after full bloom. unit were larger than the nighttime rate (Fig. 6 ). Figure 7 shows the diurnal changes in the growth rate of fruit (GRF) at 60, 71, 100, and 120 DAFB under MN and LN. Only at 60 DAFB the GRF was positive during a whole day, whereas at 71, 100, and 120 DAFB it became negative due to fruit shrinkage. Figure 8 shows the cumulative water balance in the daytime and nighttime estimated by short-term research on water dynamics under MN and LN. Based on water balance in the fruit, the integrated pedicel sap flux ( JSap) is composed of the JPhlo and JXy, and the JSap is also equivalent to the sum of the integrated fruit growth rate ( GRF) and the integrated fruit transpiration ( JWF) (Yano et al., 2012) . In Fig. 7 , the GRF was negative in the daytime, but positive in the nighttime. Compared with the absolute GRF values, nighttime values were twice as large as daytime values for both MN and LN. The largest part of fruit growth was the integrated xylem sap flux ( (JXy 0)) in the nighttime, not JPhlo either in the daytime or nighttime. The
Daytime and nighttime fruit water balance
JPhlo at daytime was the larger than that at nighttime under both MN and LN. Figure 9 shows the daytime and nighttime cumulative carbon balance estimated by short-term research on carbon dynamics in an intact fruit under MN and LN. During the daytime, the integrated fruit photosynthesis ( AF) corresponded to 12 and 9% of the daytime carbon supply toward the fruit ( AF TLDay) under MN and LN, respectively, and the integrated fruit dark respiration ( J CO2 ) corresponded to 20 and 19% of the daytime carbon supply toward the fruit under MN and LN, respectively. During the nighttime, J CO2 amounted to 31 and 33% of the nighttime carbon supply toward the fruit ( J CO2 DMF·Night) under MN and LN, respectively. Table 3 shows the quality of harvest fruits and fresh
Daytime and nighttime fruit carbon balance
Quality of harvest fruits and fresh fruit yield
Environ. Control Biol. 13 C allocation rates were calculated with the data at 1100, 1900, and 0700 in Fig. 5 . fruit yield per leaf area. Fruit rind color under MN showed much commercial attractive color than the LN (Table 2) . Titratable acidity under LN showed a significant decrease than the MN, however, the difference level was small (Table 3) . Fresh yield per leaf area showed no significant difference between the MN and LN (Table 3) .
DISCUSSION
In this study, the plant water status measured as the xylem water potential at predawn were 0.79 0.04 MPa under MN and 0.77 0.03 MPa under LN during 50 120 DAFB (Fig. 4) . These values were considered to represent moderate drought stress levels (Yakushiji et al., 1998) . On the whole, the cumulative fruit water and carbon balances per fruit volume did not show significant differences between MN and LN (Fig. 10) . Similar results were obtained in the fruit quality except fruit rind color and fruit yield (Table 3) . These results were not inconsistent with our previous study, where no significant correlation was observed among nighttime temperatures during 60 120 DAFB and fruit soluble sugar content and titratable acidity at 180 DAFB (Yano et al., 2014) .
In the cumulative fruit water balance, four characteristics of the fruit water balance in Satsuma mandarins became clear. First, the major part (86% under MN and LN) of integrated pedicel sap flux toward the fruit (the integrated phloem sap flux the integrated xylem sap flux) contributed to the fruit growth, and transpiratory water losses from the fruit surface were a minor component in the fruit water balance, as the integrated fruit transpiration amounted to 14% of the pedicel sap flux toward the fruit (Fig. 10) . Second, the small contribution of phloem transport to the net influx into the fruit (the integrated phloem sap flux percentage: 6 10%) was observed (Fig. 10) .
Comparing the ranges of the integrated phloem sap flux between tomatoes and Satsuma mandarins, tomatoes' whole day integrated phloem sap flux was 0.116 0.075 cm 3 · cm 3 (Araki et al., 2004) , and Satsuma mandarins' that was 0.004 0.003 cm 3 · cm 3 (this study), thus, the apparent low integrated phloem sap flux was confirmed in the Satsuma mandarin. Third, the drastic change in the integrated xylem sap flux over the whole day (Fig. 8) . These characteristic differences in fruit water balance between tomatoes and Satsuma mandarins might be mainly caused by the morphology and water deficit level. For instance, Koch and Avigne (1990) revealed that 14 C-laveled photosynthates moving into juice tissues of grapefruit (Citrus paradisi Macf.) slowed after entering the postphloem transport path. This result suggested the complexity of transport mechanism in citrus fruit, which includes the postphloem, nonvascular assimilate transport. The complexity might be Vol. 52, No. 3 (2014) : Average S. E. y : ***; P 0.001, **; P 0.01, NS; not significant at t-test.
Fig. 9
Daytime and nighttime carbon balance estimated by short-term research on carbon dynamics in an intact fruit under MN and LN. Each data point is the average from 60, 71, 100, and 120 days after full bloom. AF, TL, J CO2 , and DMF indicate the integrated fruit photosynthesis, integrated carbon translocation from leaf to a fruit, integrated fruit respiration, and fruit dry matter, respectively. relate to the slow rate of phloem transport and/or carbon translocation for the fruit in Satsuma mandarin. Araki et al. (2004) reported that tomatoes showed the negative values ( 0.014 0.003 cm 3 · cm 3 at whole day) of integrated xylem sap flux under water deficit condition ( 1.4 0.2 MPa at midday) and positive value (0.077 0.017 cm 3 · cm 3 at whole day) of that under well-watered condition (0.6 0.1 MPa at midday). In this study, the negative values of integrated xylem sap flux (Fig. 8) might relate with the water deficit condition at daytime. Fourth, the small effect of the night temperature on the integrated phloem sap flux (at percentage, only 4% difference between MN and LN) was observed (Fig. 8) .
Xylem sap flux to fruit is driven by the gradient of water potential from stem to fruit. The stem water potential, as compared with the fruit water potential, is more variable, with changes in root water conditions and evaporative demand around plants (Johnson et al., 1992; . In this study, a significant negative correlation was observed between cumulative solar radiation and integrated xylem sap flux (Fig. 2) . Under conditions of water deficit, high salinity, and/or high evaporative demand, stem water potentials lower than fruit water potentials have been considered to induce sap backflow from fruits through the xylem that sometimes lead to fruit shrinkage (Pearce et al., 1993; Kitano et al., 1996; Yano et al., 2012) . At 71, 100, and 120 DAFB, negative values of the fruit growth rate were observed in both MN and LN (Fig. 7) showed the occurrence of fruit shrinkage caused by xylem backflow (Fig.  8) .
In tomatoes, about 3 weeks after anthesis of the fruits on the first truss, at the stage of rapid sugar accumulation, the majority part of sap accumulated in the fruits was brought through the phloem (Ho et al., 1987; Araki et al., 2004) . Interestingly, a recent study in tomato with nuclear magnetic resonance flow imaging found that during an 8-week period of growth, at least 75% of the net influx into the peduncle occurred through the external xylem and residual 25% via the perimedullary region which contains both the phloem and the xylem (Windt et al., 2009) . In this study, our results were similar to those of Windt et al. (Fig.  10 ) despite using a similar measuring method, which dealing with a fruit, to that of Araki et al. (2004) . The reason might be explained by the difference of the vascular transport systems and/or measuring methods, we expect it for a future study.
On the whole, comparing the cumulative fruit water and carbon balances, the almost of water and carbon from leaves to a fruit via a peduncle were allocated to the fruit growth, not to the fruit transpiration or respiration (Fig. 10) . Fruit photosynthesis has been calculated to contribute typically 10 15% of the total carbohydrates used for fruit development in grapefruits (Citrus paradisii Macf.), calamondins (Citrus madurensis Lour.) (Huang et al., 1992) , and blueberries (Vaccinium ashei Reade) (Birkhold et al., 1992) . In this study, the fruit photosynthesis per total carbon supply toward the fruit (fruit photosynthesis carbon translocation from leaf to a fruit) was 8% in MN and 7% in LN (Fig. 10) . These results corresponded with our previous report (Yano et al., 2012) , and we reconfirmed that carbon translocation from leaves to fruit via the phloem of the stem ( TL) is the major carbon supply toward the fruit.
In higher plants, an active carbon translocation has been shown at the light condition compared to the dark condition in maize leaves (Troughton et al., 1977) , and tomato . In this study, the carbon translocation rates from leaf to fruits differed in daytime and nighttime at the range of 23 25°C, the daytime rates of 13 C allocation to fruits in a source-sink unit were larger than the nighttime (Fig. 6 ). This result implies that the more attention must be paid for the daytime temperature than the nighttime temperature. Additionally, average nighttime integrated phloem sap flux was negative (Fig. 8) , which might simply reflect the much smaller contribution of the integrated phloem sap flux than the integrated xylem sap flux. In contrast, the nighttime 13 C allocation to the fruits in the source-sink unit was positive (Fig. 6 ). This indicated that translocation from the leaves to the fruit via the phloem had surely occurred during the night. Sap back-flow is often reported in xylem sap flux (Kitano and Araki, 2001; Eguchi et al., 2003) , but in this study, phloem back-flow might occurred under LN (Fig. 8) , which implies that the fruit might act temporarily as a source organ. However, if the fruit act as so, the source contribution of the fruit must be far little than the leaves.
From these result and discussion, we could only point a disadvantage of low night temperature (13°C) regime for the ability of low yield by the depression of fruit growth at 50 120 DAFB in Satsuma mandarin grown in a plastic house with heating. Some suggestions from this research for an energy-saving temperature regime are that: 1) much attention must be paid to the balance of irrigation and low night temperature, if the night temperature is lowered as 13°C during 50 120 DAFB, the farmers might be compensate the depression of fruit growth for over-irrigation, which just producing fruits with low sugar content ; and 2) day temperatures must be adequate at 25°C because the daytime rates of 13 C allocation to fruits in a source-sink unit were larger than the nighttime rate at the range of 23 25°C.
